living in Japan (Sasaki, 1889) , individuals in China and Far Eastern populations carry 28 chromosomes per haploid genome (Kawaguchi, 1928; Astaurov, Golisheva, and Roginskaya 1959) . Note that B. mori carries 28 chromosomes per haploid genome. In this article, the gene rearrangements and sequences are compared between the mt genomes of Japanese B. mandarina and B. mori.
A B. mandarina sample was collected in Tsukuba, Ibaraki, Japan. Bombyx mori C108 strain has been maintained in the National Institute of Agrobiological Sciences. The entire mt genomes of B. mandarina and B. mori C108 strain were PCR-amplified in 13 and 11 overlapping fragments, respectively. As template in PCR, genomic DNA was prepared from a pair of silk glands of a final instar larva based on the standard extracting technique for genomic DNA (Sambrook, Fritsch, and Maniatis 1989, p. 9.16-9.19 ). PCR primers were initially designed based on the sequences of Simon et al. (1994) , and some of them were modified using the mt nucleotide sequence of B. mori Backokjam strain described earlier. The PCR amplifications were carried out in a 25-l mixture containing 10 ng of total genomic DNA as a template, 200 nM of each primer, 0.2 mM of each dNTP, 2.5 l of TaKaRa Ex-Taq buffer, and 1.25 U of TaKaRa Ex-Taq (TaKaRa). All PCRs were performed using the following conditions: 3 min at 96ЊC, followed by 35 cycles of 15 s at 96ЊC, 15 s at 40-45ЊC, and 1-3 min at 68ЊC (1 min for each kb) followed by 5 min at 68ЊC. The two PCR-amplified fragments that contain the AϩT-rich region and the alanine tRNA (trnA) gene, respectively, were fractionated by agarosegel electrophoresis using SeaKem GTG agarose (BMA) and were purified using a QIAquick Gel Extraction kit (Qiagen). These were subcloned into the pGEM-T Vector (Promega) and were sequenced with dRhodamineterminator chemistry and BigDye-terminator chemistry using two vector-specific primers and internal primers. The remaining PCR-amplified fragments were purified with the QIAquick PCR purification kit (Qiagen) and were directly sequenced using BigDye-terminator chemistry with the PCR primers and internal primers when necessary. All products were analyzed on an ABI 377 sequencer (ABI, Perkin-Elmer).
Nucleotide sequences of mt protein-, ribosomal RNA-, and tRNA-coding genes of B. mandarina and B. mori C108 strain were identified through BLAST searches in NCBI and were confirmed by homology search to mt DNA sequences of D. yakuba and B. mori Backokjam strain using Genetyx Mac version 10.1 (SDC). The invertebrate mt genetic code was used for inferring amino acid sequences of the protein-coding genes. The identified sequences of the mt genomes were aligned by Clustal X (Thompson et al. 1997) and were analyzed by MEGA (Kumar, Tamura, and Nei 1993) .
The mt genome of the Japanese B. mandarina is a 15,928-bp-long circular DNA and putatively encodes the 37 genes described earlier. The circular mt DNA of B. mori C108 strain has 15,656 bp and the gene order identical to those of B. mandarina and B. mori Backokjam strain. The nucleotide sequence data are in the DDBJ-EMBL-GenBank databases with the accession numbers AB070263 and AB070264 for B. mandarina and B. mori C108, respectively.
The common gene arrangement among the three Bombyx mt genomes is almost consistent with that of D. yakuba (Clary and Wolstenholme 1985) which can be regarded as the gene order of the ancestral insect (Shao, Campbell, and Barker 2001) . The only difference in gene arrangement is a translocation of trnM, which moved to a position 5Ј-upstream of the trnI gene with the same orientation as in D. yakuba. Tayler et al. (1993) showed that tRNA translocation is a frequent event in this area in the evolution of insect mt genomes.
The 13 protein-coding genes in mt genomes of B. mandarina and B. mori C108 strain share common initiators: six have ATA-putative initiator codons, five use ATG-putative initiation codons, and nad5 uses an ATTputative initiator. Cox1 is an exceptional case-its ORF starts at a CGA codon for arginine, and a codon before this triplet is a TAG-stop codon. In Drosophila, a 4-bp initiation codon was proposed for each mt genome: ATAA for D. melanogaster, D. yakuba, D. sechellia, and a haplotype of D. simulans (Clary and Wolstenholme 1985; Ballard 2000) ; GTAA for a haplotype of D. mauritiana and two haplotypes of D. simulans; and TTAA for another haplotype of D. mauritiana (Ballard 2000) . As these proposed 4-bp initiation codons have T and A at the second and third positions, we propose that the Bombyx cox1 translation initiation uses a novel 4-bp initiation codon, TTAG.
Eleven protein-coding genes of the B. mandarina and B. mori C108 mt genomes use an identical terminator, TAA. The two remaining genes, cox1 and cox2, use an incomplete termination codon, T, which can generate a complete termination codon, TAA, by polyadenylation of the transcripts.
Although the 12 protein-coding genes are identical in size, the B. mandarina cob gene is 6 bp longer than that of B. mori C108 (table 1). Adding two deoxyadenosines to 3Ј-downsteam of the AAA-Lys codon induces a frameshift to generate a 6-bp-longer transcript, which encodes two additional asparagine residues compared with the putative B. mori cob product.
Sequence rearrangements between the two mt genomes are found in tRNA genes and noncoding regions. Predicted secondary structures are different in tRNAs for leucine (tag), proline, histidine, valine, alanine, and glutamate between the two genomes ( fig. 1 ), which are highly associated with insertions-deletions.
Although 18 noncoding regions are present in both B. mandarina and B. mori C108 mt genomes, there is variation in the size of these regions between the two mt genomes. The largest noncoding region in the B. mandarina mt genome, a 747-bp sequence between the rrnS and trnM, is in a similar position to the AϩT-rich region in other insects thought to contain signals for control of replication and transcription (table 1) www.molbiolevol.org) are over 40-bp long in the B. mandarina mt genome. Regions 1-4 are structurally different from those in B. mori, whereas no sequence differences are found in Region 5. Regions 1 and 2 are variable in numbers of TA-dinucleotides, similar to microsatellite sequence divergence. Regions 3 and 4 have much more complicated features: Region 3 shows not only a variable number of TA-dinucleotide repeats but also variation in the repetition number of R(T) nϭ2-5 (n means the number of repeats; R stands for A for B. mandarina, and G for B. mori). Region 4 of B. mandarina consists mainly of TA-dinucleotide repeats, whereas variable number of TA or TAA repeats coupled with variation in A-repetition number is seen in B. mori. Note that a conservative noncoding sequence, Region 5, contains no typical repetitive structure. Although Regions 1-4 in the Backokjam mt genome also contains repetitive structures in common with C108, the repetitive numbers of respective units are different from those of C108.
The pattern of nucleotide differences between the two mt genomes varies by DNA strands. Most of the sequence changes in protein-coding genes are attributable to T-C transitions for the genes encoded by the major strand (31 A-G and 191 T-C transitions in 6,909 bp). In contrast, A-G transitions were more abundant in protein-coding genes on the minor strand (109 A-G and 26 T-C transitions in 4,296 bp). Ballard (2000) indicated a significant bias in the patterns of nucleotide substitutions between the major and minor strands of Drosophila mt genomes, which is consistent with that found in this study.
On the other hand, rates of nucleotide changes between the two mt genomes vary by genome region. The rrnS gene, which is located between the rrnL gene and the AϩT-rich region, is most conserved among genes or regions (table 1), which is also consistent with Ballard (2000) . Nucleotide sequence divergences in the rrnL gene and the AϩT-rich region are also low compared with those of protein-coding genes (table 1). Excluding protein-coding genes smaller than 600 bp, the five genes surrounding the AϩT-rich region and two rrn genes (Class 1: nad2, cox1, cox2, ATP6, and nad1) are more conserved relative to remaining genes (Class 2: cox3, nad4, nad5, and cob) . The average substitution rate of Class 1 (0.0296) is significantly smaller than that of Class 2 (0.0440) ( ϭ14.34, P Ͻ 0.005), 2 dfϭ1
whereas no significant differences in substitution rates within Classes 1 and 2 are detected ( ϭ 0.767, 0.9 2 dfϭ4
Ͻ P and ϭ 3.88, 0.1 Ͻ P Ͻ 0.5, respectively). It 2 dfϭ3
is notable that, in Drosophila mt genomes, four disjunct regions have a significantly different nucleotide substitution process (Ballard 2000) . Although B. mori is thought to be derived from B. mandarina, large amounts of sequence divergence between them suggest significant genetic isolation of the current Japanese population of B. mandarina from the population or populations from which B. mori was derived. For instance, the evolutionary distance (D) of the nad5 gene between the two species was estimated to be 0.0393 using Kimura's two parameter method (Kimura 1980 ). If we suppose that the 0.01 D unit corresponds to 3.6 Myr for the nad5 gene according to Su et al. (1998) and Osawa et al. (1999) , the ancestor of B. mori may have separated from that of Japanese B. mandarina about 7.1 MYA.
In this study two sets of biased patterns in nucleotide substitution were confirmed, i.e., difference in preference of transitional changes between major and minor DNA strands and variation in degree of nucleotide substitution by genomic regions. Although preference of transition by DNA strands between the two mt genomes is consistent with that of Drosophila, regional variation in nucleotide substitution rate between the two mt genomes show a different feature from that seen in Drosophila mt genomes (Ballard 2000) . These results suggest that the Bombyx mt genome is not under the common evolutionary process to Drosophila.
Frequent sequence rearrangements including insertion-deletion in some tRNA genes and rearrangements driven by repetitive sequences are observed between the two mt genomes despite the stability of gene arrange-ment within insect mt genomes. The variable number of repetitive units in these regions may enable us to analyze the maternal lineage of B. mori in detail and to carry out population structure analysis. To address the question how B. mori has been established from B. mandarina, combined analysis of nucleotide substitutions with structural rearrangements found in mt and nuclear genes is required, because the nuclear genes have been probably subjected to mostly artificial selection. Such approaches will further contribute to understanding evolutionary dynamics of nuclear and mt genomes of lepidopteran insects.
